to be reductant dependent. When the data for titration by various reductants of the type 3 site were plotted against those of the type 1 site according to the Nernst formalism, the slope n varied from 2.0 to 1.0. The redox potential of the reductant's first oxidation step is qualitatively correlated with the value of n and is suggested as the factor that modulates the electron distribution. Such a behavior implies a nonequilibrium situation. A very good simulation of the data was provided by an analysis assuming a formally variable cooperativity between the two type 3 copper ions. This a parent variability is suggested to result from a process whereby sufficiently strong reductants induce a transition of the type 3 site from a cooperative two-electron acceptor to a pair of independent one-electron acceptors. This uncoupled state of the type 3 site is considered metastable. Other possible models were also investigated. Summarizing the available data, we conclude that the two-electron accepting behavior of the 330-nm chromophore is the exception rather than the rule. Native laccase (monophenol monooxygenase, monophenol, dihydroxyphenylalanine:oxygen oxidoreductase, EC 1.14.18.1) from the Japanese lacquer tree Rhus vernicifera contains four Cu(II) ions in three distinct sites (1, 2). Earlier spectrophotometric and potentiometric titrations of native laccase with re-
tion. Such a behavior implies a nonequilibrium situation. A very good simulation of the data was provided by an analysis assuming a formally variable cooperativity between the two type 3 copper ions. This a parent variability is suggested to result from a process whereby sufficiently strong reductants induce a transition of the type 3 site from a cooperative two-electron acceptor to a pair of independent one-electron acceptors. This uncoupled state of the type 3 site is considered metastable. Other possible models were also investigated. Summarizing the available data, we conclude that the two-electron accepting behavior of the 330-nm chromophore is the exception rather than the rule. Native laccase (monophenol monooxygenase, monophenol, dihydroxyphenylalanine:oxygen oxidoreductase, EC 1.14.18.1) from the Japanese lacquer tree Rhus vernicifera contains four Cu(II) ions in three distinct sites (1, 2) . Earlier spectrophotometric and potentiometric titrations of native laccase with reductants such as Fe(CN)'- (3) , ascorbate in the presence of Fe(CN)3'-4I as mediator (4) , and 1,4-benzohydroquinone (BhQ) (5) have led to the conclusion that the type 1 and 2 copper ions act as one-electron acceptors, while the type 3 copper ions act as cooperative two-electron acceptors. We have recently shown that in oxidative titrations of reduced laccase with 02 or H202 a different pathway is followed, in which the type 3 site seems to act like two single-electron donors (6) .
BhQ was shown to serve as a one-electron donor for laccase (7) . Consequently, the relevant redox potential is that of the semiquinone-hydroquinone couple, E2"' (480 mV, Table 1 ). With ascorbate as reductant in the presence of Fe(CN)3-14-the relevant potential is the one of the mediator [420 mV under the conditions used (4)]. In two previous studies (4, 5) the potentials of the enzyme's redox sites were found to be 395 (420) mV, 365 (390) mV, and 435 (460) mV for the type 1, type 2, and type 3 sites, respectively (values in parentheses from ref. 5 ). Thus, the reductants that have been used previously have similar or even higher potentials than the redox sites of the protein. In contrast, the electron acceptors that were used in the oxidative titrations of reduced laccase, 02 and H202, are both multi-electron acceptors and also have much higher oxidation potentials than the electron donor sites of the enzyme (8) .
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In order to identify the reason for the variable electron distribution pattern and resolve between specific structural features, redox potential, or reactivity of the reductants, reductive titrations were carried out with electron donors spanning a wide range of redox potentials and differing markedly in their structure and mechanism of reaction. We found that the course of the titration is controlled by the driving force of the reduction, a phenomenon that to the best of our knowledge has not been observed before for multicenter redox proteins.
MATERIALS AND METHODS
Laccase was prepared from acetone powder of the lacquer of Rhus vernicifera according to a modified version of Reinhammar's procedure (9, 10) . Its spectroscopic, electron paramagnetic resonance (EPR), and enzymatic properties were in agreement with those reported earlier (11) . A2o/A615 =14.6.
The concentration of the protein was determined by using e = 5700 M-1 cm-1 (11) . The reductants used were prepared as described elsewhere (10) . All other chemicals were of analytical grade and used without further purification.
Absorption spectra were recorded on a Cary 118 at 20°C and EPR spectra on a Varian E-3 at liquid nitrogen temperature. The titration technique and the method of data analysis have been described earlier (6) 3 chromophores measured just before freezing the partly reduced laccase, it became obvious that the electron distribution sharply differed from the one obtained at protein concentrations one order of magnitude lower (cf. Fig.. 1) . The type 3 site was only 28% reduced, instead of 42% as expected, and the type 2 site was 30% reduced, which even exceeded the value measured for the type 1 site (15%). Further investigation of the role of protein concentration on the electron distribution proved difficult, because laccase solutions at concentrations >0.5 mM (55 mg/ml) are rather viscous and tend to undergo gelation.t Reduction of Laccase by XhQ. The titration curves and the double logarithmic plot are shown in Figs. 1 and 2 , respectively. The slope of a straight line through the experimental points lies clearly between those of BhQ and DhQ (Fig. 2) Proc. Natl. Acad. Sci. USA 75 (1978) described above, about 95% of the native absorbance at 615 nm was recovered upon aerobic reoxidation.
DISCUSSION
All the above results lead to the conclusion that the pattern of electron distribution among the redox sites of laccase depends on the potential of the reductant's first oxidation step. This is borne out by the following observations: (i) Reductants that are as different chemically, structurally, and in their charge as Ru(NH3) + and DhQ lead to the same electron distribution pattern. By the same token, Fe(CN)g (4) (see footnote i to Table   1 ) and BhQ, also very different from each other in the above respects, yield similar electron distributions that, however, are different from those produced by the above reductants. This excludes a rationalization in terms of either specificity between the enzyme and a given reductant (or its oxidation product), or differences in the mode of electron transfer by 1-or 2-equivalent reductants. (ii) Subjecting the enzyme to redox cycles prior to the reductive titration led to electron distributions identical to those obtained when starting with the native protein. Also, when reduction is commenced with BhQ up to about half reduction and then continued with Ru(NH%)I', the pattern of the electron distribution in the second half is the same as that obtained in titrations in which only Ru(NHa)" is used.
It is important to realize that by whatever mode the redox potential affects the electron distribution in the protein, a nonequilibrium situation is involved. The assumption of full thermodynamic equilibrium involving all redox sites and redox-related conformational states of the protein will always predict a reductant-independent pattern of electron distribution (unless direct or allosteric binding effects take place). That this does not hold in the present case is most clearly demonstrated in the sequential reduction by BhQ and Ru(NH3)6+. Moreover, the existence of one or more metastable states of laccase is suggested by the switch from one pattern of electron distribution to another, because benzoquinone as a mediator is expected to promote equilibration via intermolecular electron exchange. A metastable conformational state in laccase has already been proposed to explain the results of oxidative titrations (23) , and a recent study of the interaction of partially reduced laccase with 02 also led to this conclusion (M. Goldberg, 0. Farver, and I. Pecht, unpublished).
In general terms, there are two ways by which the redox potential of the reductant may have a controlling effect on the establishment of a nonequilibrium situation: (i) The electron distribution may be governed by the free energy difference of the electron transfer from the reductant to the enzyme; i.e. if a particular electron distribution can only be attained by a pathway involving the reduction of a low-potential site, only sufficiently strong reductants might be able to produce it. (ii) Alternatively, because the rate of electron transfer is expected to depend on, among other things, the free energy difference, the redox potential could affect the electron distribution via kinetic control. For example, if there are two competing reduction pathways, each involving a different rate-limiting step, the biomolecular electron transfer might prevail for one pathway, and the intramolecular transfer step for the second.
Several specific models were conceived in the attempt to rationalize our observations. The best simulation of the data was obtained with a model based on the positive cooperativity of the two-electron acceptor site, a concept used earlier (5) to explain the titration behavior of the type 3 site. This thermodynamic notion does not exclude the formation of the half-(i.e., of the "half-reduced/reduced" couple, the less stable the half-reduced form will be, hence the lower its equilibrium concentration and the higher the degree of cooperativity of the two-electron acceptor. This can be expressed quantitatively by defining an interaction potential AEIII that in the present context is equal to half the difference between the potential of the second and the first couple. AEm will determine the degree of cooperativity. Now, in the present model, the type (Figs. 1, 2) .
The apparent modulation of the type 3 site cooperativity may be explained by either of two tentative mechanisms, one assuming the predominance-of the driving force, the other a kinetic control effect: (i) The type 3 copper pair is initially strongly coupled (AE III > 60 mV); i.e., the potential of the oxidized/half-reduced form is relatively low (Eii -AEIII < 375 mV). Only electron donors with sufficiently low E20' values (Table 1) will therefore be efficient in producing the halfreduced form, whereas for weaker reductants (E20' >> Eiji AEIII) the extent of this reaction will be insignificant. The half-reduced type 3 As a general conclusion, it has become evident that the 330-nm chromophore can no longer be characterized as a simple cooperative two-electron acceptor as hitherto thought (1) . Out of 11 redox agents-the 7 reductants mentioned in this study and the oxidants 02, H202 (6, 20, behavior. In all the other cases the electron distributions were found to deviate from the pattern expected for a cooperative two-electron acceptor.
The question whether the 330-nm chromophore is an unambiguous indication of the redox state of the nonparamagnetic electron acceptors has already been raised, at least for ceruloplasmin (24) . Their suggestion (24) that the reduction of type 2 Cu2+ could also lead to changes in the 330-nm band is particularly interesting because it can form an alternative rationale for our observations.
